Phylogenetic analysis based on full-length polyproteins suggests that these two viruses have a common ancestor. It has now been determined that analysis of subgenomic amino acid sequences in the E2 and NS5 regions of GBV-A and a 345 nucleotide segment in the 5h non-coding (5hNC) region was able to reproduce the phylogenetic relationships obtained by complete polyprotein sequences analysis. Using 5hNC sequences from databases, GBV-A isolates were discriminated into eight genetic groups, each one closely associated with specific primate hosts. Phylogenetic analyses performed on sequences from the ε-globin genes of primate hosts on one hand and complete polyprotein sequences from GBV-A and GBV-C isolates on the other suggest that a mechanism of cospeciation could be involved in virus evolution over a period of 35 million years.
GB viruses A and C (GBV-A and GBV-C) have been isolated from humans and non-human primates.
Phylogenetic analysis based on full-length polyproteins suggests that these two viruses have a common ancestor. It has now been determined that analysis of subgenomic amino acid sequences in the E2 and NS5 regions of GBV-A and a 345 nucleotide segment in the 5h non-coding (5hNC) region was able to reproduce the phylogenetic relationships obtained by complete polyprotein sequences analysis. Using 5hNC sequences from databases, GBV-A isolates were discriminated into eight genetic groups, each one closely associated with specific primate hosts. Phylogenetic analyses performed on sequences from the ε-globin genes of primate hosts on one hand and complete polyprotein sequences from GBV-A and GBV-C isolates on the other suggest that a mechanism of cospeciation could be involved in virus evolution over a period of 35 million years.
Although the International Committee on Taxonomy of Viruses has not yet officially established their taxonomic status, the recently described GB viruses A, B and C (GBV-A, GBV-B and GBV-C) have been provisionally classified into the family Flaviviridae on the basis of their structure, genomic organization and sequences. Within this family, the mostclosely related species is hepatitis C virus (HCV, genus Hepacivirus). GBV-C was isolated first from humans and more recently from chimpanzees (Adams et al., 1998 ; Birkenmeyer et al., 1998 ; Linnen et al., 1996 ; . Human isolates exhibit low genetic diversity and are more distantly related to simian isolates. GBV-A, originally discovered in a Author for correspondence : Re! mi Charrel (at the Laboratoire de Virologie mole! culaire, transfusionelle et tropicale).
Fax j33 4 91 18 95 98. e-mail virophdm!lac2.gulliver.fr captive tamarin (Simons et al., 1995 b) , has been isolated from different species of New World monkeys ; four strains from distinct monkey species have been sequenced almost entirely (Erker et al., 1998 ; Leary et al., 1997 ; Simons et al., 1995 b) .
GBV-A lab (Leary et al., 1997) , GBV-A cal (Erker et al., 1998 ) and GBV-A tri (Erker et al., 1998) were isolated from Saguinus labiatus (tamarin), a Callithrix jacchusipenicillata hybrid (marmoset) and Aotus trivirgatus (owl monkey), respectively. The strain isolated from the Callithrix hybrid, originally named GBV-A mx (Erker et al., 1998) , was renamed GBV-A cal in this study to avoid any confusion with viruses isolated from Saguinus mystax monkeys. The original GBV-A strain (Simons et al., 1995 b) was recovered from an S. labiatus tamarin. However, on the basis of its high degree of genetic similarity to other virus strains isolated from Saguinus nigricollis tamarins (Fig. 2 a) , it was probably transmitted from an S. nigricollis tamarin during serial passage in different Saguinus species, as previously reported (Bukh & Apgar, 1997) .
We submitted the complete amino acid sequences of these four strains to phylogenetic analysis together with complete sequences from GBV-C, GBV-B and HCV isolates (Fig. 1 a) . Because there was no evidence to allow us to assume that every site had evolved at the same rate (which is the prerequisite assumption for the maximum-likelihood and parsimony models), we tested the hypothesis of a common ancestor with a model incorporating a gamma distribution of rate variation among sites (Yang, 1993) . The key to this model is the value of the shape parameter, α. We tested successive possibilities for α, such as 0n3, 0n5, 1, 2 and 10 (the smaller the number, the greater the degree of between-site rate variation and hence the greater the genetic distances obtained). Irrespective of the method used for the calculation of genetic distances (p-distance and Jukes-Cantor models were also tested) and of the value chosen for the shape parameter, α, analyses yielded similar groupings to those observed in Fig.  1(a) . In particular, the hypothesis of a common ancestor for GBV-A and GBV-C was consistently supported by high bootstrap values. Within the cluster formed by the four GBV-A strains, GBV-A lab grouped with GBV-A nig and both of them clustered with GBV-A cal (node A). The group constituted by these three virus strains grouped with GBV-A tri (node B). (a) Phylogenetic tree constructed from complete polyproteins of representative isolates of GBV-A, GBV-B, GBV-C and HCV using the gamma distance algorithm (α l 2) and the neighbourjoining method implemented in the MEGA software package (Kumar et al., 1993) . Bootstrap values corresponding to 500 replications are indicated. Grouping of GBV-A lab and GBV-A nig with GBV-A cal corresponds to node A. The grouping of these three sequences with GBV-A tri corresponds to node B. GenBank accession numbers are indicated after the first slash (/). For the HCV isolates, genotypes are indicated before the first slash. Bar represents an approximate distance of 0n1. (b) Bootstrap values (500 resamplings) for nodes A and B using subgenomic amino acid sequences. Phylogenetic analysis was performed on complete genes and on subgenomic fragments of 1600 down to 100 amino acids. aa, Amino acids. Bootstrap values 70 % are indicated by dashes. X indicates an incorrect branching pattern. Bootstrap support is indicated by shading and corresponds to 91-100 % (black), 81-90 % (dark grey), 71-80 % (light grey) and 70 % (unshaded).
Nodes A and B were supported by 93 and 100 % bootstrap values, respectively, after 500 cycles of resampling ( Fig. 1 a, b) . GBV-A tri was the most genetically divergent strain, with amino acid distances ranging from 39n5 to 40n2 % when compared with the three remaining complete sequences. GBV-A lab and GBV-A nig exhibited 25n5 % divergence and their genetic distance from GBV-A cal ranged from 27n0 to 27n8%. By comparison, most of the GBV-C isolates exhibited lower CDDA Cospeciation of GBV-A and -C with their hosts Cospeciation of GBV-A and -C with their hosts . Phylogenetic analysis of GBV-A isolates on the basis of nucleotide sequences in the 5hNC region. (a) Phylogenetic tree constructed from 45 185-nucleotide sequences using the Jukes-Cantor algorithm and the neighbour-joining method implemented in the MEGA software package (Kumar et al., 1993) . Bootstrap values corresponding to 500 replications are indicated. Abbreviations for the monkey species from which the virus isolates were recovered are : S. mystax (SM), S. labiatus (SL and GBV-ALAB), S. oedipus (SO), S. nigricollis (SN and GBV-ANIG), C. jacchus (GBV-ACAL), C. jacchusipenicillata hybrid (CJ) and A. trivirgatus (AT and GBV-ATRI). Genetic groups A to H are indicated. Sequences (GenBank accession nos U84915-U84942 and U93247-U93259) are located between positions k83 and k267, numbered backwards from the AUG of the prototype sequence of GBV-A (Bukh & Apgar, 1997 ; Leary et al., 1996) . Levels of bootstrap support are indicated by shading as outlined in Fig. 1 .
genetic distances : below 5n4 % between human isolates and 20n2-21n9 % between human and chimpanzee isolates. Because sequencing of complete genomes is an expensive and time-consuming procedure, studies of virus phylogeny are frequently performed by using subgenomic sequences. In the cases of HCV and GBV-C, subgenomic regions have been identified that reflect virus relationships observed by complete polyprotein analysis (Simmonds et al., 1993 (Simmonds et al., , 1994 Smith et al., 1995 Smith et al., , 1997 . We carried out a similar analysis of GBV-A isolates. The four complete GBV-A amino acid sequences and two GBV-C sequences (U36380 and U44402, acting as an outgroup) were aligned with the CLUSTAL W 1.7 program (Thompson et al., 1994) . Distances were calculated by using the gamma distance algorithm (α l 2) and branching patterns were determined by the neighbour-joining method implemented in the MEGA software package (Kumar et al., 1993) (Fig. 1 b) . Phylogenetic analyses were performed on the complete polyprotein, the different virus genes and sequences of 1600 down to 100 amino acids. The robustness of the resulting groupings were tested by 500 bootstrap replications. Discrepant groupings were considered to be invalid even when supported by high bootstrap values. The best results were provided by the complete E2, NS5a and NS5b genes and by partial sequences in the E2 and NS5 regions (Fig. 1 b ; 
see sequences giving bootstrap values 90 % at both nodes A and B).
A similar analysis was performed in the 5h non-coding (5hNC) region, using progressively smaller nucleotide fragments, and distances were calculated by the Jukes-Cantor algorithm (Fig. 2 c) . Only analyses performed with a 345 nucleotide fragment covering positions k190 and k535 provided the appropriate branching pattern with bootstrap support above 90 % (Fig. 2 c) . These results were confirmed when other distance algorithms (Kimura-2, Tamura, TajimaNei) and another phylogenetic method (unweighted pair group method with averages ; UPGMA) were used.
In previous studies, 45 sequences of the 5hNC region of GBV-A were reported (Bukh & Apgar, 1997 ; Leary et al., 1996) . Although phylogenetic analysis of these sequences did not conform completely to the branching pattern observed by complete polyprotein analysis (Fig. 2 c) , the distribution of distances between these 45 sequences is interesting. It shows that viruses exhibiting genetic distances greater than 14 % originated from different monkey species (Fig. 2 b) . The phylogenetic analysis (Fig. 2 a) allows eight clusters (A to H) to be distinguished, each corresponding to sequences recovered from the same monkey species. Analyses performed with Jukes-Cantor or Kimura-2 algorithms and with UPGMA or maximum-parsimony methods showed similar results.
GBV-A sequences from S. mystax and S. labiatus are the most closely related. In nature, these two monkey species have contiguous distributions, but do not form mixed populations (C. Padua, personal communication). Although the possibility of cross-transmission of virus isolates cannot be completely excluded, it must be noted that these two species are genetically closer than any others in the genus Saguinus (Jacobs et al., 1995) . Thus, the low genetic distances observed between GBV-A viruses isolated from S. mystax and S. labiatus may reflect the recent split between these two species during the evolution of New World monkeys. Only isolate SL-119 did not group with the other virus isolates recovered from the same species (in this case, S. labiatus). This may constitute strong evidence against cospeciation. Nevertheless, SL-119 did not group with any of the other isolates, meaning that this isolate may have been acquired from a monkey belonging to another species with which S. labiatus populations could share a contiguous distribution in nature (C. Padua, personal communication) or from contacts during transportation or captivity.
The presence of different host species and the low genetic distance reported among viruses isolated from a unique monkey species suggested that these viruses shared a longterm evolutionary relationship with their respective primate hosts. Based on present-day genetic evidence, a cospeciation mechanism was evoked. To investigate this hypothesis, we compared the phylogenetic relationships observed among GBV-A and GBV-C isolates with the phylogeny of their primate hosts.
Phylogenetic analysis of the primate hosts was achieved by using the complete nucleotide sequences of the ε-globin gene (Fig. 3 a) . Because sequences of ε-globin have not been determined for S. labiatus and A. trivirgatus, sequences from surrogate species (Saguinus midas and Aotus azarai, respectively) were included for analysis. S. labiatus and S. midas belong to the same clade within the genus Saguinus (Jacobs et al., 1995) . A. azarai is currently the only species in the genus Aotus for which the ε-globin gene sequence is available from nucleotide databases.
The genera Saguinus and Callithrix are included in the same evolutionary lineage (callitrichines) of New World monkeys. The genus Aotus belongs to a different lineage, but is closer to the callitrichines than to the five remaining lineages of New World monkeys (Porter et al., 1997) . Chimpanzees (genus Pan) and humans (genus Homo) are located in a different branch (corresponding to the family Hominidae within the Old World anthropoids ; Fig. 3 a) . The phylogenetic distribution of primate species infected by GBV-A or GBV-C isolates was compared with that of the different virus strains. The two phylogenetic trees presented in Fig. 3 (a) show striking similarities between the branching pattern of viruses and that of their respective specific primate hosts. All branch-points are supported by very high bootstrap values, suggesting the existence of a cospeciation mechanism. However, further analyses including more taxa will be necessary to confirm this hypothesis.
The rate of evolution of GB viruses in their respective primate hosts was estimated (Fig. 3 b, c) . The GBV-A and GBV-C lineages were analysed separately. The different points on each curve reflect the correlation between the time of the splitting event between two given primate species during their evolution (x-axis) and the present-day genetic distances between virus strains that infect these two host species (y-axis). The genetic distance corresponding to the split between New and Old World primates, estimated at 35 million years before the present (MYBP) (Fleagle, 1988) , has been determined by using the average genetic distance (gamma distance with α values of 2 and 0n5) observed between the complete GBV-C (human and chimpanzee isolates) and GBV-A sequences. Therefore, the GBV-A and GBV-C curves share the same origin. The evolutionary split between callitrichines and Aotus has been estimated at 18 MYBP (Porter et al., 1997) and that between Saguinus (tamarins) and Callithrix (marmosets) at 9 MYBP (Porter et al., 1997 ; Schneider et al., 1993) . On the basis of fossil records and molecular evidence, the split between Pan and Homo has been estimated at around 6 MYBP (Hill & Ward, 1988 ; Horai et al., 1995) and the emergence of Homo sapiens occurred around 0n15 MYBP (Cann et al., 1987) . The calculation of the genetic distances between virus isolates was performed by using the gamma distance with α values of 2 (Fig. 3 b) and 0n5 (Fig. 3 c) .
The resulting curves show that the rate of evolution in both virus lineages is globally a linear function of time. This suggests that the accumulation of genetic diversity has occurred at a constant rate and demonstrates that virus evolution has followed a similar model in the two lineages. This might not be expected in a case of cross-species virus transmission. By contrast, these data are consistent with the hypothesis of a cospeciation mechanism between the viruses and their respective primate hosts. This mechanism of evolution has been described for other viruses, such as arenaviruses (Bowen et al., 1997) and hantaviruses (Morzunov et al., 1998) .
The curves illustrating the evolution of GBV-A and GBV-C lineages present similar slopes, suggesting that both viruses evolved at the same rate in their respective hosts. Between 35 and 6 MYBP, this rate is 3i10 −) amino acid substitutions per site per year. In the last 150 000 years, the rate of evolution of human GBV-C increased to 3i10 −( amino acid substitutions per site per year. This phenomenon could be related to the important growth in the population of Homo sapiens. Numerous epidemiological studies have demonstrated that of the 6 billion individuals currently living on earth, more than 1 billion have been infected with GBV-C. This implies a formidable increase in the virus population of human GBV-C. According to the data obtained using a gamma distribution with α l 2 for the calculation of genetic distances, the increase in the rate of evolution may have begun with the emergence of the very first human ancestors of Homo sapiens, 6 MYBP.
Globally, these data support the hypothesis of a slow genetic evolution of the GBV-C lineage. This result is consistent with the findings of Adams et al. (1998) , who studied the evolution of GBV-C in humans and chimpanzees. Nakao et al. (1997) reported a higher rate of evolution (2i10 −% amino acid substitutions per site per year) based on analysis of virus sequences obtained from a haemodialysed patient over an 8n4 year follow-up. However, it has been demonstrated that extrapolation of the rate of non-synonymous substitution over a short period of time to reconstruct the history of viruses may tend to underestimate the actual time of divergence (Smith et al., 1997) , probably because this kind of study does not take into account inter-individual virus transmission, which is a crucial parameter of virus dynamics.
